Oil-in-water nanoemulsions are promising colloidal dispersions for the delivery of hydrophobic drugs. The use of polysorbate 80 as stabilizing agent in these formulations can improve the delivery of the drug to the brain, thanks to a tropism for apolipoproteins. The aim of this study was to formulate injectable nanoemulsions stabilized by polysorbate 80, which meet United States Pharmacopoeia particle size requirements for parenteral emulsions. Nanoemulsions were prepared by high pressure homogenization and characterized in terms of mean hydrodynamic diameter, Gaussian distribution width, and volume-weighted percentage of fat droplets greater than 1.79 µm (PFAT 1.79 ) or 5 µm (PFAT 5 ). The effect of autoclaving, filtration and loading with nile red (a lipophilic fluorescent dye) on the nanoemulsions was evaluated. Real-time and accelerated stability tests were also performed. To satisfy Unites States Pharmacopoeia particle size specifications, nanoemulsions required six homogenization cycles. PFAT 5 and PFAT 1.79 were the particle size parameters more sensitive to discriminate the effect of homogenization, autoclaving, filtration and loading as well as globule size evolution during real-time stability tests. Results from accelerated stability studies correlated with the PFAT 5 values measured over time. Overall, the study demonstrates that all nanoemulsions studied (autoclaved, filtered or loaded) satisfies United States Pharmacopoeia particle size requirements up to 90 days, maintaining PFAT 5 to values lower than 0.05% v/v.
Introduction
Injectable oil-in-water nanoemulsions, prepared with vegetable oils (e.g., soybean oil, safflower oil) as internal phase and phospholipids as emulsifiers, have been employed as nutriment supplements in parenteral nutrition since 1970s (Calder et al. 2010; Hippalgaonkar et al. 2010) . They have been proposed as parenteral dosage forms for hydrophobic drugs and many of these formulations are undergoing clinical trials (Singh et al. 2017) . Nanoemulsion globules, being in the nanometre size, are optimal carriers for intravenous administration. Differently from microemulsions, which are thermodynamically favoured disperse systems, nanoemulsions are thermodynamically unstable and require a high amount of external energy for their formation (McClements 2012) . In fact, to reduce the size of the internal oil phase in the nanometric range (~ 100 nm), the so-called high energy methods, such as high pressure homogenization or ultrasonication, are generally required (Gupta et al. 2016) . High pressure homogenization is defined as a homogenization process at which a hydraulic pressure of at least 100 MPa is applied to the liquid. The liquid is forced to flow through restrictions such as nozzles or valves. Droplet size reduction is achieved because the liquid is subject to high turbulence and shear stress during its flow (Schultz et al. 2004 ).
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The main advantage of nanoemulsions is related to the relatively lower amount of surfactants required for their formulation when compared to microemulsions, thereby displaying a more favourable toxicological profile (Laxmi et al. 2015) . In addition, a very relevant strength of these formulations is the potential of entering into the clinical practice easier than more advanced colloidal carriers with a higher physical and chemical complexity.
However, as it happens for all nanometre scale carriers, once injected in the bloodstream, biodistribution is determined by droplet surface characteristics that drive the adsorption of circulating proteins on the colloid surface, the so-called protein corona (Aggarwal et al. 2009 ). To exploit the possibility of using parenteral emulsions as drug delivery vehicles, biodistribution must be tailored to achieve passive or active targeting. One possible strategy to enhance the nanocarrier tropism to the brain is the use of polysorbate 80 as stabilizer (Sun et al. 2004; Blasi et al. 2007 ). Indeed, polysorbate 80, when used to produce and/or stabilize nanoscale carriers, allows a preferential adsorption of some apolipoproteins able to bind blood-brain barrier (BBB) receptors and to increase drug delivery to the brain parenchyma (Göppert and Müller 2005) . Brain uptake may also be significantly enhanced by pre-coating the carrier with apolipoprotein E4 before injection (Dal Magro et al. 2018) .
The aim of this study is to evaluate the feasibility of preparing nanoemulsions stabilized by polysorbate 80, complying with the requirements established by the United States Pharmacopoeia (USP) for parenteral emulsions. Nile red, a lipophilic fluorescent molecule, often employed for in vitro cell uptake and in vivo biodistribution studies, was loaded in the optimized nanoemulsion as a model dye. The effect of the preparation parameters, autoclaving and filtration, together with size evolution over time (accelerated and real-time stability) were evaluated.
Materials and methods

Materials
Parenteral grade soybean oil 700 was purchased from Lipoid GmbH (Ludwigshafen, Germany). Polysorbate 80 and nile red were provided by Sigma-Aldrich (Milan, Italy), while polypropylene filters (porosity 0.45 µm) were purchased by Olimpeak (Teknokroma, Barcelona, Spain). Ultrapure water was obtained by a purification system aquaMAX™-Basic 360 Series (Young Lin, Korea). All the other chemicals were of analytical grade and used as provided.
Preparation of nanoemulsions
Nanoemulsions were prepared according to the high pressure homogenization technique (Stang et al. 2001 ). Briefly, 6 g of soybean oil were added dropwise to a 2% (w/v) of polysorbate 80 water solution (44 mL) under high-speed stirring (Ultraturrax T25 basic, IKA ® Werke GmbH & Co.KG, Staufen, Germany) to obtain an emulsion (Blasi et al. 2011) . The reduction of lipid droplets in the nanometre range was obtained through jet-stream high pressure homogenization with a Y-shape fixed-geometry chamber. The emulsion was passed through the homogenization chamber (1000-1200 bar, 25 °C) 10 times to investigate droplet size evolution. Nanoemulsions were processed by filtration using a polypropylene filter (0.45 µm) in a laminar hood (Clean Flux V190 Safety, Folabo Instruments, Padova, Italy) or, alternatively, by autoclavation at 121 °C for 20 min (DLV CAB autoclave, DeLama, Pavia, Italy). Loaded nanoemulsions were prepared by dissolving the fluorescent dye nile red (0.086% w/w) in the oil at room temperature and processing the oil phase as previously described.
Particle size analysis
Particle size measurements were performed through dynamic light scattering (DLS) and single particle optical sensing (SPOS) techniques. DLS measurements were carried out using a Nicomp 380 autocorrelator (PSS Inc., Santa Barbara, CA, USA) equipped with a 658 nm diode laser. The scattered light was detected at 90° from the incident beam. Samples were diluted 1:2000 in ultrapure water before the analysis. Particle size was expressed as mean hydrodynamic diameter (MHD) and Gaussian distribution width (GDW).
SPOS measurements were carried out on the non-diluted samples using an Accusizer 780 APS (PSS Inc., Santa Barbara, CA, USA), equipped with an auto-dilution system (Autodiluter). Results were expressed as PFAT 1.79 and PFAT 5, that correspond to the percentage of the volume of oil droplets with a diameter larger than 1.79 and 5 µm, respectively (Nicoli et al. 1995; Driscoll 2006) . All analyses were performed at 25 °C and are expressed as mean ± SD of three replicates.
Ultrasonic resonator technology
The ultrasonic speed and attenuation were measured by a ResoScan Research system (TF Instruments GmbH, Idstein, Germany) on the nanoemulsions, before and after autoclaving or filtration, during two heating/cooling cycles from 5 to 65 °C to investigate the effect of temperature stress on the internal structure of the system. Ultrasound resonator technology is a technique based on the measurement of sound speed and attenuation of ultrasound waves at a specific frequency when they propagate inside a sample. For a liquid system, ultrasound velocity is related to adiabatic compressibility and medium density by the Laplace equation:
where β s is the adiabatic compressibility, U is the ultrasound speed, ρ is the density of the sample.
Stability studies
The real-time physical stability of nanoemulsions, when stored both at room temperature (RT) and 37 °C (climatic chamber, Climacell, MMM group, Munich, Germany), was evaluated by monitoring particle size for 90 days using DLS and SPOS techniques as described above.
Accelerated stability tests were carried out by LUMiSizer (L.U.M. GmbH, Berlin, Germany). This instrument employs space and time-resolved extinction profiles (STEP) technology to characterise quickly any de-mixing phenomena of dispersed systems. Samples were loaded inside a cuvette and rotated at 700, 1300 and 4000 rpm at RT. The instability of the samples (creaming or sedimentation) was detected by measuring the variation in transmittance (near-infrared light) along the cuvette. Data were reported as transmission profile and instability index.
Statistical analyses
All statistical comparisons were performed using Prism version 5.0 software (GraphPad Inc., USA) or Minitab Inc. (USA). P values < 0.05 were considered as statistically significant. Additional information on the statistical tests performed are reported in the "Results and discussion" section.
Results and discussion
Effect of the number of homogenization cycles
Mean particle size and size distribution are critical properties for nanoemulsions intended for parenteral administration. According to the USP, these systems are required to possess a mean droplet size, referred as MHD, below 0.5 µm and a volume percentage of the disperse phase (i.e., droplets) above 5 µm (PFAT 5 ) not exceeding 0.05% of the whole internal phase volume (Chapter < 729>: United States Pharmacopoeia 2013). During nanoemulsion preparation, no significant differences (one-way ANOVA test) were observed for MHD and GDW, from 3 to 10 homogenization cycles. The measured MHD and GDW remained stable around 160-170 nm and 40-50 nm, respectively (Fig. 1) . On the contrary, PFAT 1.79 and PFAT 5 showed a significant reduction (one-way ANOVA followed by Bonferroni multiple comparisons) from 3 to 6 homogenization cycles (Fig. 1) . By increasing the number of the homogenization cycles from 6 up to 10, no further reduction in the PFAT values was observed. In fact, PFAT 1.79 remained around 0.12-0.13%, while PFAT 5 around 0.01-0.02%.
These results indicated that six homogenization cycles are sufficient for the preparation of parenteral nanoemulsions having the particles size features established by the USP. This confirms that there is an optimal number of homogenization cycles needed to obtain the maximum reduction in terms of mean particles size and distribution width of nanoemulsion droplets. The optimal number of homogenization cycles found in this study (six homogenization cycles) is comparable to data reported in the literature (from 5 to 7 cycles) for similar nanoemulsions processed by high pressure homogenizers (Qian and McClements 2011; Sharma et al. 2015; Peng et al. 2015 ). The fluctuation of particle size around a certain value or the slight increase in GDW or PFAT values, sometimes observed by increasing the number of cycles, has been ascribed to the induction of droplets coalescence after passing the valve as a consequence of the formation of a larger oil-water interface, probably no more Fig. 1 Effect of the number of homogenization cycles on the particle size and size distribution of nanoemulsions efficiently stabilized by the presence of the surfactant (Blasi et al. 2011; Narsimhan and Goell 2001) .
Effect of filtration and autoclaving
Sterility is a mandatory feature of parenteral nanoemulsions to guarantee a safe administration in the bloodstream. In the case of blank nanoemulsion, sterilization can be achieved by exploiting thermal (autoclaving) or filtration methods. However, both approaches have some disadvantages since they could affect the physico-chemical stability of the disperse system (Ganta et al. 2014 ). Thus, the most suitable sterilization method should be selected in a case-by-case manner. Figure 2 reports the effect of autoclaving or filtration on blank and nile red loaded nanoemulsions.
A slight but statistically significant increase in MHD (two-way ANOVA followed by Sidak's multiple comparisons test) was observed only after autoclaving the loaded nanoemulsion. On the other side, both autoclaving and filtration exerted a pronounced effect on PFAT values of blank and loaded nanoemulsions. At the same time, the presence of nile red did not influence in a significant way the final PFATs. Filtration strongly reduced PFAT 1.79 and PFAT 5 and differences are so high that data statistical treatment is meaningless. This reduction can be equally ascribed to two different mechanisms: the retention of large droplets by the filtration membrane or the breakup during extrusion. On the contrary, autoclave treatment increased PFAT values. The measured PFAT 1.79 and PFAT 5 were in the range of 0.18-0.21% and 0.032-0.041%, for blank and loaded nanoemulsions, respectively, satisfying anyway USP requirements for parenteral nanoemulsions (Fig. 2) . The increase of PFAT 5 during autoclaving could be reliably ascribed to the increase of the triglycerides water solubility causing a higher rate of Ostwald ripening (Delmas et al. 2011) .
The evaluation of globule size, and how it could be affected by technological processes during manufacturing (e.g., sterilization), is a critical step in the formulation of nanoemulsions intended for parenteral administration. In fact, in the case of a considerable number (or volume fraction) of oil droplets having a size larger than 5 µm, there would be a high risk of pulmonary capillaries obstruction inducing fat embolism syndrome (Hörmann and Zimmer 2016) . For this reason, particle size must be accurately controlled. According to USP Chap. 729, parenteral nanoemulsions have to fulfil particles size requirements from two different techniques (Chapter < 729>: United States Pharmacopoeia 2013). One of them, referred in USP as Method I, is DLS, which provides an average size estimation in term of MHD by intensity distribution (%). The other is the use of light obscuration or extinction, known as SPOS technique (Method II), that is used to measure the cumulative volume-weighted percentage distribution from which PFAT values are calculated (Nicoli et al. 1998) . As discussed and demonstrated by other authors (Floyd 1999; Driscoll 2002) , the combined use of the techniques indicated by USP, is necessary to have a reliable overview on the particle size of nanoemulsions. In fact, DLS alone is neither capable of measuring the size distribution of large particles population nor able to provide a quantitative estimation of the volume fraction of particles, especially above 1 µm (Bhattacharjee 2016) .
A very limited number of references on the evaluation of particles size of nanoemulsions processed by high pressure homogenization after a sterilization process is available (Chansiri et al. 1999; Kandadi et al. 2012; Khachane et al. 2015) . It is worth noting that the evaluation of the effect of the sterilization process by SPOS measurements is much more informative than data obtained by DLS (i.e., MHD). In fact, only by considering PFAT values, it is possible to discriminate between the opposite effect of the autoclaving and filtration on particle size distribution. Fig. 2 Effect of the sterilization method (autoclaving or filtration) on particle size of blank and nile red loaded nanoemulsions. NEM stands for nanoemulsion, NEMf stands for filtered nanoemulsion, and NEMa stands for autoclaved nanoemulsion
Ultrasonic resonator technology analysis
Ultrasounds were used to investigate the structure of nanoemulsions at different conditions. Particularly, it was studied whether autoclaving, filtration or the nile red loading affected nanoemulsion structure. Sound speed and attenuation were recorded as a function of temperature and measured through the resonance technique (Bonacucina et al. 2016) . No marked differences could be observed in sound speed and attenuation data before and after filtration of blank nanoemulsions (Fig. 3) . On the contrary, the attenuation signal of autoclaved blank nanoemulsion showed a higher and more irregular profile than that obtained from blank nanoemulsion before treatment.
Sound attenuation is related to several mechanisms, which are generally classified as absorption and scattering. In a disperse system, the measured attenuation values depend on any variation of size, thermal or viscous features of the internal phase (Allegra and Hawley 1972; McClements 1995; Dukhin and Goetz 2010) . As such, the higher attenuation values measured for the nanoemulsion after autoclaving can be ascribed to the presence of oil droplet aggregates and the formation of a less homogeneous systems in term of size, thereby confirming the ongoing destabilization of the system as observed by SPOS measurements. On the contrary, in the case of nile red loaded nanoemulsion, attenuation and sound speed profiles were superimposable to that of the blank nanoemulsion, indicating that nile red, at the concentration used, does not exert a destabilizing effect.
Ultrasonic resonator technology is an emergent technique to investigate the structure of both loaded and unloaded nanoemulsions (Bonacucina et al. 2016 ). This technology has been used to investigate the effect of dilution (Stillhart et al. 2013) or drug loading (Stillhart and Kuentz 2012) on nanoemulsions. This technique demonstrated to be sensitive to particles size changes as a consequence of thermal stress (Niederquell and Kuentz 2013) or oil-to-surfactant ratio (Shaha et al. 2007 ). In these papers, sound speed and attenuation are measured at a constant temperature (generally 25 °C), while, here, the variation of these parameters was followed over two consecutive heating cycles. In fact, using temperature scans, it is possible to detect thermal events in disperse systems, as widely reported for micellization (Perinelli et al. 2013 ) and phospholipids phase transition (Taylor et al. 2005; Perinelli et al. 2017) . Ultrasound scans highlighted no thermal transitions in the investigated temperature range (5-65 °C) and showed a reversible attenuation and sound speed profiles for the proposed nanoemulsions even after sterilization.
Physical stability
Accelerated stability tests were performed using the LUMiSizer ® technology. This instrument is able to characterise any de-mixing phenomena of disperse systems by combining the effect of centrifugal force on the phase separation to an optical system able to monitor changes in the transmittance along the sample due to creaming or Fig. 3 Effect of autoclaving, filtration and nile red loading on the ultrasound attenuation and ultrasound speed of the prepared nanoemulsions. NEM stands for blank nanoemulsion, NEMf stands for filtered nanoemulsion, NEMa stands for autoclaved nanoemulsion, and NEMnr stands for nile red loaded nanoemulsion sedimentation processes (Chen et al. 2016) . Figure 4 shows the space-and time-related transmission profiles (from red to green) obtained from blank nanoemulsion before and after filtration or autoclaving. Such profiles show the variation of the sample clarity over the length of the cuvette from the bottom (right side of the plot) to the upper part (left side of the plot). Nanoemulsions displayed a limited tendency to creaming or flocculation, since the increase of light transmission over time is low. This confirmed the stability of the prepared systems.
To get a proper comparison with real-time stability, demixing phenomena were also quantified by extrapolating the instability index. Instability index is a dimensionless number with values in the range between 0 and 1, where 0 indicates no change in transmission and hence an ideal stability and 1 represents a complete phase separation and hence the lowest stability under centrifugal force. Preliminary experiments were performed to assess the linearity between acceleration (i.e., 71, 246, and 2325 g) and sample migration velocity. Since this condition was satisfied (R 2 > 0.999), the migration velocity obtained at the mentioned g values can be used to estimate the behaviour of the system at 1 g (earth acceleration), enabling a comparison with data obtained from realtime physical stability. Figure 5a shows instability index variation for the blank nanoemulsion, before and after autoclaving or filtration calculated at 227 g over time. The instability index profile over time has a characteristic trend, which is comparable to the integral transmission profiles (%; from which the instability index is derived) previously reported in the literature for emulsions (Lu et al. 2017; Mao et al. 2012) . Particularly, the clarification (measured as instability index) of blank nanoemulsion as a function of time is not linear and the maximum rate of phase separation is achieved after a certain time (approximately 333 min, Fig. 5a ). Autoclaved and filtered samples showed a comparable variation of the instability index over time, which is different from that of the untreated nanoemulsion. At the end of the experiment, instability indexes were much lower than 0.5, confirming the good sample stability.
The calculated indexes at a specific time (92, 184, 374 and 562 min) are reported in Fig. 5b . These timepoints from accelerated stability tests were selected to perform a comparison with data obtained from the real-time stability experiments.
The real-time physical stability at RT and 37 °C of nanoemulsions after autoclaving and filtration was investigated by monitoring size evolution in term of MHD, GDW, PFAT 1.79 Fig. 4 Space-and time-resolved transmission profiles of the blank nanoemulsion (NEM), nanoemulsion after filtration (NEMf), and autoclaving (NEMa) as measured by the LUMiSizer technique. Transmission profiles evolve over time from red to green Fig. 5 Variation of the instability index over time (a) and at selected timepoints (b) for blank nanoemulsion before and after filtration and autoclaving as measured by the LUMiSizer technique at 227 g. NEM stands for blank nanoemulsion, NEMf stands for filtered nanoemulsion, NEMa stands for autoclaved nanoemulsion and PFAT 5 over 90 days (Fig. 6) . The MHD and GDW did not markedly change after treatment while PFAT 1.79 and PFAT 5 increased independently from the storage conditions. A larger increase in size was observed for autoclaved nanoemulsions, where the increase of PFAT 1.79 and PFAT 5 up to 90 days was approximately of 2.7 and 2.2 times, respectively (Fig. 6) . Physical stability studies evidenced that the stability of the systems is influenced by the processing operations (autoclaving or filtering), and not particularly affected by the storage temperature, at least for the tested conditions.
The same physical stability analysis was performed on filtered nile red loaded nanoemulsion. Similarly, to the blank filtered nanoemulsion, the larger effect was observed on PFAT values over time (Fig. 7) . PFAT 1.79 increased from ~ 0.01 to ~ 0.03% and PFAT 5 from ~ 0.002 to ~ 0.015%.
Real-time stability tests have evidenced that up to 90 days all the prepared nanoemulsions have satisfied USP requirements, maintaining a PFAT 5 to values lower than 0.05% v/v.
For the data sets related to the filtered and autoclaved nanoemulsions, instability indexes were plotted against the PFAT 5 values from the real-time stability tests. The Pearson's correlation analysis was performed and the correlation coefficients (r) were calculated. The r values were 0.976 (P = 0.004) and 0.933 (P = 0.021) for autoclaved and filtered nanoemulsions, respectively, denoting a significant correlation between the two parameters (Fig. 8) . This suggests that instability index increase is related to the formation of larger droplets. Analysis of covariance showed statistically different values for the slopes (P = 0.008). This means that the increase of instability index is a function of PFAT 5 values, but the increase rate depends on the initial condition. In fact, the higher slope was observed for the autoclaved sample having a PFAT 5 values ~ 7 times higher than the filtered one.
This observation is in agreement with the general behaviour of emulsions, where higher the fraction of larger droplets, higher the emulsion instability. Destabilization mechanisms are flocculation, coalescence, and Ostwald ripening that, by enlarging droplet size, causes creaming/sedimentation. In nanoemulsions, Ostwald ripening seems to play a major role at earlier times, so it is not surprising that the autoclaved sample with a larger PFAT 5 showed the higher instability (Delmas et al. 2011; Gupta et al. 2016 ).
Conclusions
The data reported here demonstrated that it is possible to obtain nanoemulsions, intended for injection in the systemic circulation, stabilized by polysorbate 80. The formulations developed were compliant with the requirements established for parenteral emulsions by the USP, even after filtration, autoclaving or inclusion of the model dye. They maintained suitable mean particle size and distribution up to 90 days. These promising results are the starting point for the development of a simple strategy for brain drug delivery, easy to translate into the clinical practice. In fact, by taking advantage of apolipoproteins tropism for polysorbate 80 decorated Fig. 6 Physical stability of filtered and autoclaved blank nanoemulsions stored at RT and 37 °C. The stability was evaluated by following the variation of MHD, GDW, PFAT 1.79 and PFAT 5 over time up to 90 days. NEMf stands for filtered nanoemulsion, and NEMa stands for autoclaved nanoemulsion surfaces, these systems can be tailored to deliver lipophilic drugs to the brain after intravenous administration. Fig. 7 Physical stability of the filtered nile red loaded nanoemulsion stored at RT and 37 °C. The stability was evaluated by following the variation of MHD, GDW, PFAT 1.79 and PFAT 5 over time up to 90 days. NEMfNR stands for filtered nile red loaded nanoemulsion Fig. 8 Correlation between instability index from accelerated stability studies and PFAT 5 from real-time stability studies
